Abstract: Hierarchically assembled SnO2 microflowers were synthesized by a facile hydrothermal process.
In recent years, the semiconductor photocatalysts with high performances for water contaminant degradation have attracted great interest to solve energy and environmental issues. The purification of waste water by photocatalytic degradation of organic dyes using semiconductor nanocrystals has been proven a very effective method [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . As an important direct wide band gap semiconductor (Eg = 3.6 eV), SnO 2 possesses the excellent optical, gas sensing and photocatalytic properties [12] [13] [14] [15] [16] [17] . Thus far, the reported SnO 2 nanostructures are mostly one dimensional (1D) structures, such as nanorods [18] [19] [20] , nanotubes [21] [22] [23] , and nanowires [24] [25] [26] [27] and so on. Only a few successful examples of SnO 2 nanosheets have been reported [28] [29] [30] , which may be attributed to the difficulty in controlling the oxidation process of Sn 2+ to Sn 4+ such that the mixed phases of SnO 2 and SnO will coexist in the product [31] . Nevertheless, three dimensional (3D) hierarchical structures by self-assembly of nanosheets building blocks are much more relatively rare [32, 33] . Due to the complicated spatial arrangement, the hierarchical architectures can provide both extraordinarily high activated surface area and robustness. It is thus highly desirable to develop a facile and efficient method to fabricate phase-pure nanosheets assembled SnO 2 hierarchical structures.
In this paper, we reported the synthesis of SnO 2 hierarchical architectures by a simple hydrothermal route without the assistant of any templates and surfactants at mild temperature. The effects of growth parameters on morphologies were investigated. A possible growth mechanism of SnO 2 hierarchical structures was proposed. The photocatalytic results indicate the assynthesized products may have potential applications in water contaminant treatment.
In a typical synthesis, 6 mmol of NH 4 F was dissolved in 50 mL of de-ionized water, followed by the addition of 2 mmol of SnSO 4 , The solution was then transferred into an 100 mL Teflon-lined stainless steel autoclave, and kept at 180℃ for 16 h. After the hydrothermal procedure, the autoclave was cooled naturally down to room temperature. The yellow-green precipitates were collected by centrifugation, then washed several times with distilled water and absolute ethanol, respectively, and dried in air at 60℃ for 12 h. Finally, the products were annealed in a muffle kiln at 600℃ for 2 h.
The crystalline structure of the as-obtained products was characterized using X-ray powder diffraction (XRD, Rigaku Dmax-rB, CuKα radiation, λ = 0.1542 nm, 40 kV, 100 mA). The morphology and microstructure of the samples were characterized by scanning electron microscope (SEM, Hitachi-4800).
The photocatalytic experiments of the as-prepared products were conducted as follows: 0.1 g of SnO 2 microflowers were suspended in 200 mL methylene blue (MB) aqueous solution (40 mg/L). The solution was continuously stirred for 60 min in the dark to ensure the establishment of an adsorption-desorption equilibrium among the products and MB. After that the solution was exposed to UV irradiation from a 500 W Hg lamp at room temperature. The samples were collected at regular time interval to measure the organic dyes degradation by UV-Vis spectra. Subsequently, the experiments of the photocatalytic degradation of eosin red aqueous solution and Congo red (CR) aqueous solution also were conducted in the same conditions.
Figure 1(a) shows XRD pattern of the as-synthesized products. All the diffraction peaks can be indexed to the rutile tetragonal SnO 2 in accordance with the standard PDF card (No. . No obvious diffraction peaks from other impurities are detected, indicating high purity of the as-synthesized product. To further study the crystallization of the obtained product, room temperature photoluminescence (PL) property of the obtained SnO 2 hierarchical structures was measured as well ( Fig. 1(b) ). Only a strong yellow emission band at ∼564 nm was observed. It is known that the energy gap of bulk SnO 2 is 3.6 eV. The intrinsic emission peak (∼360 nm) of the SnO 2 nanosheets was not found. The strong luminescence emission band from the synthesized products might be related to crystal defects which were produced during the growth [34] [35] [36] [37] [38] [39] [40] . During the SnO 2 nanosheets growth, a high density of oxygen vacancies, which may mainly locate on the surface of the nanosheets, interact with interfacial tin vacancies, and lead to formation of a considerable amount of trapped states within the bandgap. The results are consistent with previous reports [41] . The morphologies and microstructures of the products were characterized by SEM. Plentiful of flower-like structures assembled by sheet-like subunits with an overall diameter of ∼1 µm could be observed in Fig. 1(c) . With a closer examination ( Fig. 1(d) ), the relatively rigid nanosheets constituents possess a very smooth surface and a thickness of only tens of nanometers. To investigate formation mechanism of the asobtained 3D SnO 2 structures, effect of reaction time on the morphology of the product were also investigated (Fig. 2) . After 0.5 h of hydrothermal reaction, only small unordered particles were obtained. With the increase of hydrothermal time to 1 h, the small particle-like structures almost completely disappeared, and sheet-like shapes appeared. The sheets were also free of aggregation (Fig. 2(b) ). Further increasing the reaction time to 8 h, these sheets were assembled into flower-like nanostructures (Fig. 2(c) ). The morphology of the final product is shown in Fig. 2(d) . It is clear that much more sheets were assembled into flower clusters, and the typical 3D flower-like structured SnO 2 was formed. The degree of assembly increased with increasing hydrothermal treatment time to 16 h. From Fig. 2(a)-(d) , one can clearly see the process of selfassembling growth from nanosheets to microflowers.
On the basis of the above experiment results, the process of the morphology evolution of SnO 2 microflowers is summarized in Fig. 3 . First the small SnO 2 particles were gained via a short hydrothermal process. With the ongoing of the reaction, the primary nanoparticles further grew to the nanosheets, and the freshly formed nanoparticles will spontaneously "land" on the as-formed sheets and then undergo further growth to another sheet, forming a complex structure. These processes could be related to a proposed mechanism of the so-called "orientated attachment" [42, 43] . In this mechanism, the larger particles are grown from small primary nanoparticles through an orientated attachment process, in which the adjacent nanoparticles are self-assembled by sharing a common crystallographic orientation and docking of these particles at a planar interface. Small particles may aggregate in an oriented fashion to produce a larger single crystal, or they may aggregate randomly and reorient, recrystallize, or undergo phase transformations to produce larger single crystals. This type of growth mode could lead to the formation of faceted particles or anisotropic growth if there is sufficient difference in the surface energies of different crystallographic faces. In our case, according to the experimental results, the latter seems to be more reasonable. Therefore, the formation of the SnO 2 microflowers can be rationally expressed as a kinetically controlled nucleationdissolution-recrystallization mechanism for three steps in sequence: (1) the hydrothermal-induced formation of primary nanoparticles, (2) with time increasing, hydrothermal-induced fusion of these primary nanoparticles accompanying the oriented growth to form the sheet-like structure, and (3) a further growth and crystallization process, giving rise to the formation of the 3D flower-like products. Although the exact formation mechanism for this complex nanostructure is not yet clear, it is believed that the growth of the flowerlike nanostructures is not catalyst-assisted or templatedirected, because the only material sources used in our synthesis are pure oxide crystals and NH 4 F [44] . The photocatalytic activities of the as-obtained hierarchical SnO 2 microflowers can be evaluated by degrading MB, eosin red and CR in aqueous solutions under UV irradiation, respectively. Figure 4(a) shows the adsorption spectrum of MB in aqueous solution using SnO 2 microflowers as the photocatalysts under a 500 W mercury lamp. It was proved that the characteristic absorption peak (665 nm) decreases gradually with the increase of illumination time. MB is degraded 98% when the radiation time reached 20 min. The adsorption spectrum of eosin red in aqueous solution under the same conditions is shown in Fig. 4(b) . It demonstrates that the concentration of eosin red is decreased as the irradiation time increases by measuring the intensity of the characteristic absorption peak (517 nm), and degraded 92% after 20min. Finally, a further comparison was made to investigate the photocatalytic activity of the SnO 2 nanostructures in the degradation of CR in an aqueous solution. The intensity of the characteristic adsorption peak (496 nm) of CR diminished gradually with extension of the exposure time (see Fig. 4(c) ), decomposing to about 83% after 40 min irradiation. The results suggest that the as-prepared SnO 2 microflowers exhibit excellent photocatalytic activity for MB, eosin red and CR. In order to prove SnO 2 nanostructures are highly selective to what type of dye molecule, we took the same first 20 min to contrast the degradation efficiency of different dyes. The results reveal the order of degradation rate is MB (98%) > eosin red (92%) > CR (82%) in Fig. 4(d) . It indicates that degradation efficiency of MB is higher than eosin red and CR. In order to probe into how the morphology and structure of the photocatalyst affect the efficiency of photocatalysis, the photocatalytic experiments were conducted for the degradation of MB in water under UV irradiation in the presence of three different morphologies of SnO 2 : microflowers, commercial SnO 2 powder and ZnO microflowers. Figure 5(a) shows the adsorption spectra of MB solution in the presence of SnO 2 hierarchical structures under UV light irradiation. The main absorption peak of MB centered at 665 nm before and after irradiation. The MB aqueous solution was degraded almost completely when the irradiation time reached 20 min. Figure 5(b) shows the adsorption spectra of MB solutions in the presence of commercial SnO 2 powder, its photocatalytic degradation rate is 89% in 210 min. To compare with the degradation efficiencies of the other photocatalysts, the photocatalytic experiments of ZnO microflowers was conducted by degrading MB under the same experimental conditions [9] . The adsorption spectra of MB in aqueous solution are shown in Fig. 5(c) . Degradation rate curve of SnO 2 microflowers, commercial powder and ZnO microflowers are shown in Fig. 5 hierarchical SnO 2 structures exhibited superior photocatalytic activity compared to SnO 2 powder and ZnO microflowers. Such excellent photocatalytic activities can be attributed to the several outstanding features of the SnO 2 microflowers, including the large surface volume ratio, the effective electron hole separation of the Schottky barriers and thickness of SnO 2 sheets. It might be that higher surface area increases the number of active sites and promotes separation efficiency of the electron-hole pairs, resulting in the improvement of photocatalytic activity. And the separation and mobility of the electron-hole pairs were intensely suppressed in wide band gap [45] [46] [47] [48] . Hence, flower-like SnO 2 with large surface area and wide band gap possess the highest photocatalytic activity among various SnO 2 . In summary, uniform 3D structured SnO 2 microflowers have been successfully synthesized via a facile hydrothermal process at low temperature in the absence of any surfactants. The hierarchical SnO 2 microflowers were assembled by the nanosheets with thickness about 50 nm. The possible growth mechanism of SnO 2 nanostructures is proposed based on the experimental results. The investigation into the photocatalytic performences demonstrated that the hierarchical SnO 2 microflowers possess a high photocatalytic activity for the degradation of organic dyes under UV irradiation. It is expected that SnO 2 architectures may have potential applications in water contaminant degradation.
